In a hypothetical LOCA of LWR, it is assumed that Zircaloy claddings of fuel assemblies occur ballooning and cause thermal and mechanical interactions among themselves. To investigate the phenomena, burst tests were conducted with a single rod fuel simulator placed in the center of eight non-pressurized external heater pipes. It was found that the deformation and rupture behavior of ballooning cladding which made contact with the pipes depends on the following conditions : (1) temperature difference between cladding and heater pipes; higher temperature in the cladding than in the pipes produces an extended deformation and contact area, (2) internal pressure of cladding, and (3) temperature level at which ballooning takes place.
From the above standpoint, the purpose of this study is aimed at the observation of mechanical and thermal effects of external pipe heaters used as rod simulators on the center tube deformation behavior.
II. EXPERIMENTAL
1. Specimen Rod Structure Figure 1 shows a schematic of specimen structure which has in its central portion Zircaloy-4 cladding of 10.73 mm diameter, 0.63 mm thickness and 260 mm axial length. Inside the cladding, a spiral electric heater of 200 mm axial length is contained with BN sheath insulator. Upper power lead of the heater penetrates the upper end plug made of stainless steel, and the other end of the heater is connected to copper mesh which can accommodate the axial shrinkage or expansion of the Zircaloy tube. The end plugs and Zircaloy sheath are electron-beam welded. The power leads and end plugs are hermetically brazed to alumina insulator annulus in both ends of the rod. The lower power lead from the copper mesh has a centerline hole through which the specimen is evacuated and pressurized by He gas. The internal space volume of specimen is 13.2~14.2 cm3.
2. Test Rig Figures 2 (a), (b) and 3 describe schematics of the test rig. As shown in Fig.2 (a) , the specimen rod is placed in the center of eight symmetrically spaced non-pressurized external heater pipes.
These heaters are 13 mm diameter except for Case A-3 run conducted with heaters of
The central specimen rod is surrounded by eight external heater pipes. Distance between the heater pipe centerlines is 13.7 mm, except for Case A-3 with 12.2 mm distance.
Temperatures of the specimen cladding and heater pipes are measured and controlled by Pt/Pt-13Rh thermocouple of 0.1 mm diameter percussion welded on their surfaces.
The hot junctions for specimen are placed in every ninety degrees on the surface circumference at two axial elevations, facing either the first nearest neighbor (Case A-3) or the second nearest neighbor heater pipes. Thermocouple lead wires are insulated by alumina tubes and the hot junctions are coated with liquid ceramic which can cure at room temperature.
Figure 3 delinerates a horizontal view of the test rig. The axial length of the heater pipes is 230 mm. The lower end of the specimen rod is fixed on a frame while its upper end is allowed to move vertically but almost restrained to shift radially.
3. Experimental Procedure ( 1) Characterization Test (2) Ballooning Test in Eight Powered Heater Pipes The specimen rod was heated in the eight external heater pipes in air until burst. Heating rate of the external pipes was controlled so as to be equal to that of the center rod, while temperature difference between those of the pipes and center rod was one of the most important parameters in this study. Temperatures at the four upper hot junctions of specimen are termed as Tsp (specimen temperature), and those at the four upper sites of the four nearest heater pipes termed as Tex (external heater temperature.).
( 3) Test with Two Non-powered Heater Pipes With two of the eight external heater pipes being not powered, as illustrated in Fig.4 , test was carried out in the otherwise same manner as stated in Sec. 3 (2) to simulate the effect of presence of non-heated rod (control Table 1 . The specimen rod was placed in the center of eight external heater pipes which were heated at almost the same rate as that of the cladding. A, B, C, D, E and F denote the positions of thermocouple hot junctions. The abscissa is the time from the moment at which one of the specimen temperatures exceeded ~650 K. In Fig.7 The solid and broken curves in Fig.7 (1)-3. Case A-2 : Figure 7 (c) and Photo. 2 (c) reveal the results of Case A-2 where Pi was 6.8 MPa at 573 K and a rough range of DTav was +20~40 K. Because of the higher internal pressure than those of the previous cases, the tube ruptured soon after its temperature reached ~1,100 K with a small burst strain. In Photo. 2 (c), a concave surface resulted from light contact, and little burst rip are seen.
(1)-4. Case A-3 : Figure 7(d) shows Case A-3 where P, was 5.4 MPa at 573 K and a rough range of DTav was 0~20 K. The declining part of the pressure history implies that the cladding expansion made a large progress during this period in which temperature rise was almost ceased. Photograph 2 (d) presents the specimen with a large deformation, long burst rip and wide contact area extended in the axial direction.
The cross section indicates an increased distance between the centerlines of the nearest heater pipes. This is because the pipes in contact with the center tube bowed outward by ~1.5 mm at the maximum during this run. Then still additional increase in the internal heater power was provided at ,-180 s, and (a) Case B-1 ( Fig.8(a) ) (b) Case B-1-1 ( Fig.8(b) ) (c) Case B-2 ( Fig.9) (d) Case B-3 ( Fig.10(a) ) (e) Case B-4 ( Fig.10(b) ) Seen from two directions (Right) ; cross section at rupture site (Left). Tested in eight external heater pipes. The results are depicted in Fig. 11 and Photo. 4. The temperature history curves of upper sites show big discrepancies among the nearest heater pipes. The heater pipe D temperature was so low that it could not appear in Fig. 11 . Temperatures at the circumference of upper site of the rod were highest at point 1, lowest at point 3 and their differences reached as much as ~40 K just before the burst moment.
This azimuthal gradient of the center rod caused mainly by the non-powered heater pipes produced an axis-asymmetrical deformation as shown in Photo. 4 Seen from two directions (Right) ; cross section at rupture site (Left), Tested in eight external heater pipes two of which were not powered. Photo. 4 Specimen cladding of Case C (Fig. 11) .
inflection points which were generated between the concave and bulge regions of cladding.
IV . DISCUSSION
Scope of This Experiment
It may well be assumed that ballooning of Zircaloy claddings of a fuel assembly has the following features :
(A) A number of claddings begin to swell concurrently''''. (B) So-called co-planar deformation is not impossible, depending on fuel and coolant conditions which permit local ballooning to take place in every rod at the same axial elevation (6) . This co-planarity would reduce markedly the flow channel of Emergency Core Cooling water. In the discussion of the results, it is necessary to compare these features with the information obtained in this experiment.
( 1) With Respect to Feature (A) When a pair of neighboring claddings begin to balloon almost at the same time with the strain rate close to each other, it can be expected that their contact area forms a flat plane. On the other hand, if the rate or initiation time of expansion is significantly different between the two neighboring rods, concave contact surface can be generated on one cladding which has been more expanded than the otherm (1)(2)(5). The present experiment simulates the process in the latter case in which curvature of tube cross section is unevenly distributed.
(
2) With Respect to Feature (B)
The axially extended deformation is considered as the result of ballooning progress which is made by a negative feedback mechanism against rapid local bulge leading to burst. This negative feedback consists of enhancement of tube cooling by the increase of surface area exposed to surrounding coolant, fall of temperature by the decrease of gap thermal conductance (15) , and mechanical restraint or suppression by cladding-to-cladding contact on the swelling in the radial direction. These factors can altogether prevent a rapid increase in local hoop strain causing rupture and prolong burst moment. This experiment provides the observation of effect of mechanical suppression on the radial swelling of Zircaloy tube and also gives the information concerning the tube behavior under the condition simulating not only the negative feedback but also thermal interactions among fuel rods.
Since the test conditions for each case were not performed two or three times, the test results are, in a strict sense, not backed up by reproducibility.
However, Cases A-1-1 and B-1-1 revealed that a similar parameter conditions permit similar results to be obtained. This can be considered as a supporting basis for the reproducibility.
In the following sections, analysis is made on the mechanical and thermal aspects of contact, referring to Fig.12 which illustrates a typical process from initiation of ballooning until burst of the specimen rod. The course can be broken down into two main parts, Stages I and II as shown in Fig.12 .
Stage I covers the start of deformation, subsequent progress of expansion and the first touch with the external heater pipes. In Stages II-a, II -b and II-c , the contact is developed and produces a number of effects. (1) Stress and Strain of Cladding The hoop stress generated in the Zircaloy tube by the internal pressure Pin can be estimated as (1) (19) . Nevertheless, the outer surface oxidation is considered to have little influence on the rapid deformation of cladding, because a main cause leading to rupture is the wall thinning in one of the inflection points in which a quantity of hoop stress concentration is brought about. 4. Temperature Condition ( 1) Positions of Thermocouple Hot Junctions The hot junction sites on the specimen surface faced the second nearest heater pipes, except for Case A-3. Azimuthal temperature difference DTaz of the center rod was measured and found to be less than ~10 K until contact occurred. It can be expected that the temperature at touched area was changed after contact was made owing to the exchange of heat with the external pipes, and that the value deviated gradually from the readings of thermocouples. This is because the hot junctions were not sited in the contact surface.
Mechanical Effects of Contact
It should be noted, however, that according to the temperature history in Case A-3 ( Fig.7(d) ) the DTav value would not diminish in a short period after contact was made. The specimen in this case had the junctions facing the first nearest heater pipes, or in the concave region.
Therefore, it may be considered that the temperature difference between specimen and four external pipes will not decrease so rapidly, and that the temperature histories and DTav curves shown in A-1, A-1-1, A-3, B-1, B-1-1 , B-2 and C, heat-up rates were reduced when temperatures were rising above ,~1,100 K. It has been confirmed by many researches that in the temperature level of ~1,100 K where Zircaloy is in a-phase, rupture circumferential strain of single rod burst test has its maximum value(9)(12)~ (14) . The present study adopted this level as a condition to provide the largest mechanical interaction, i. e. contact, between specimen and external heater pipes. Under the captioned condition, the cladding is given an additional heat from the external heaters to increase strain rate when radial displacement of tube by swelling is blocked by the pipes in contact.
Hence, the specimen tube soon ruptures with a small spread of deformed area, as in Cases A-1, A-1-1 and A-2.
( 5) Condition Tsp ?? Tex or DTav ?? 0 Ballooning is restricted by the nearest heater pipes but the heat sink effect of the pipes in contact decreases the strain rate of the center tube, which then postpones burst moment and permits undeformed part to swell while gradual bulge occurs into the space between the four nearest pipes. This course also gives rise to the axially long burst rips appeared in Photos. 3(a), (b) and (d), since the inflection points bearing the largest tensile stress are distributed linearly in the axial direction as the contact region is extended . Stage 11-b in Fig.  12 describes these situations. It is also to be noted here that if the internal pressure or temperature reaches a sufficient level to cause a high strain rate, the cladding occurs a permature rupture with light contact or small ballooning as those obtained in Case B-4.
There is an interesting observation in Case B-2 which provided a spacious bulge but limited size of burst opening. For this case, it can be considered that due to the decreased internal pressure the momentum of blast gas released at burst was too small to generate such a long rupture rip as shown in Photos. 3 (a) and (b) of Cases B-1 and B-1-1.
The remarkable extent of deformation in Case B-2, which is depicted as Stage II-c in Fig.  12 , is attributable mainly to the large negative DTav but partly to outward bowing of the four nearest heater pipes caused by the pushing of central rod expansion, because the bowing widened the space between the pipes and blunted the formation of inflection points.
( 6) Condition with Two Non-powered Heater Pipes One of the most important results in Case C is that DTaz of the specimen began to increase as the internal pressure was falling, i. e. a fast ballooning was occurring. Its value reached ~50 K. This increase is ascribed to the following sequences : the decrease in gap thermal conductance due to ballooning reduced the heat flux from the internal heater to Zircaloy sheath and made the heat dissipation of tube to surroundings an effective heat loss which can change the cladding temperature.
As a result, hot side of the center rod had a preferential swell leading to burst.
V. CONCLUSIONS
Burst tests were conducted with a single rod fuel simulator placed in eight nonpressurized external heater pipes. The following conclusions were obtained through the experiment :
(1) When temperature is higher in the external heater pipes than in the specimen cladding, rupture occurs before contact region being increased.
(2) If specimen cladding is heated at higher temperature than the external pipes, the contact surface is extended in the axial direction while the tube is bulging into the space between the external pipes.
(3) Large internal pressure or elevated temperature of specimen tube brings about a light contact and premature rupture with small burst strain, not being affected in quantity by the temperature-difference effects stated above.
(4) Hoop tensile stress in the Zircaloy wall is most intense at the inflection points generated in the contact area in which concave and bulge regions are formed. (5) Even an azimuthal temperature difference of ~50 K produced in the tube cannot provide a preferential local swell leading to a premature rupture. This is attributed to the contact.
Specimen rod bowing is also prevented by the external heater pipes.
